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ABSTRACT 

I n  suppor t  of  the NASA Quiet  Engine Program, the range of  a 
DC-8-61 type  a i r p l a n e  was c a l c u l a t e d  f o r  tu rbofan  engines  w i t h  a 
v a r i e t y  of t u r b i n e - i n l e t  temperatures ,  o v e r a l l  compressor pres-  
sure r a t i o s ,  and bypass r a t i o s .  Appropriate  va lues  f o r  engine 
weight and s ize  and i n s t a l l a t i o n  drag  and w e i g h t  were used. Two- 
and th ree - spoo l  engines  were considered.  No of f -des ign  ana lyses  
were made. 
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SUMMARY 
cu 
Lo I n  suppor t  of t he  NASA Q u i e t  Engine Program, the range of 
0 Lo a DC-8-61 type  commercial je t  t r a n s p o r t  was c a l c u l a t e d  when 

I u s i n g  tu rbofan  eng ines  t h a t  have des ign  c h a r a c t e r i s t i c s  t h a t  
appea r  promising for t h e  q u i e t  engine program. Engine des ign  
parameters  of o v e r a l l  compressor p r e s s u r e  r a t i o  and bypass r a t i o  
were v a r i e d  i n  o r d e r  t o  determine optimuln va lues  w i t h  c r u i s e  
t u r b i n e - i n l e t  t empera tures  of 1650, 1750,  and 1850° F. Engine 
c y c l e  performance was combined w i t h  a p p r o p r i a t e  engine weight,  
s i z e  and i n s t a l l a t i o n  d rag  and weight estimates t o  determine t h e  
e f f e c t  on r ange .  Two- and three-spool  engines  were considered.  

T o t a l  a i r c r a f t  range was no t  g r e a t l y  pena l i zed  by us ing  
d e s i g n  parameters  away from optimum values  for a f i x e d  c r u i s e  
t u r b i n e - i n l e t  temperature .  A 200° i n c r e a s e  i n  t h e  c r u i s e  
t u r b i n e - i n l e t  temperature  a t  optimum bypass and compressor 
p r e s s u r e  r a t i o s  only inc reased  the range by s l i g h t l y  over  3 p e r -  
c e n t .  The three-spool  engines  were somewhat heav ie r  than t h e  
two-spool engines;  consequent ly ,  a 1 t o  3 pe rcen t  loss i n  range 
occur red  when t h e  three-spool  engines  were used. 

INTRODUCTION 

The problem of n o i s e  gene ra t ion  by subsonic  a i r  t r a n s p o r t s  
has beer1 r e c e i v i n g  a t t e n t i o n  t o  a p o i n t  where l e g i s l a t i o n  may be 
enac ted  for rloise c o n t r o l .  D r a s t i c  s o l u t i o n s  ranging from re- 
moving t h e  l i s t e n e r  from t h e  a i r p o r t  area by provid ing  an  un- 
i n h a b i t e d  b u f f e r  zone around t h e  a i r p o r t  t o  launching commercial 
a i r c r a f t  by a c a t a p u l t  before  apply ing  englne power f o r  f l i g h t  
have been sugges t ed .  However, a more d i r e c t  approach i s  t o  re- 
duce t h e  n o i s e  a t  i t s  source-- the engine.  

The NASA Q u i e t  Engine Study Program was i n i t i a t e d  t o  iden-  
t i f y  t h e  p rope r  thermodynamic c y c l e  c h a r a c t e r i s t i c s  and mechan- 
i c a l  d e s i g n  f e a t u r e s  t ha t  w i l l  produce q u i e t e r  engines  for 
commercial j e t  a i r c ra f t  ( refs .  1 and 2 ) .  The program has po in ted  
o u t  t h e  d e s i r a b i l i t y  of h igh  bypass r a t i o  f o r  low n o i s e .  



I n  f a c t ,  t h e  bypass r a t i o s  and t u r b i n e - i n l e t  t empera tu res  i n v e s t i -  
gated i n  t h e  r e p o r t  w i l l  produce a c c e p t a b l e  j e t  n o i s e  l e v e l s  
which are cons ide rab ly  below t h o s e  produced by p r e s e n t  t r a n s p o r t  
engines .  T h i s ,  t o g e t h e r  w i th  t h e  assumption t h a t  f a n  n o i s e  can 
be s u c c e s s f u l l y  treated, emphasizes range c a p a b i l i t y  as an  
important  c r i t e r i o n  f o r  engine  s e l e c t i o n .  Th i s  r e p o r t  there- 
f o r e  c o n s i d e r s  t h e  range c a p a b i l i t y  of h igh  bypass r a t i o  eng ines  
i n s t a l l e d  i n  a commercial subsonic  j e t  t r a n s p o r t .  

The engine des ign  parameters of  bypass  r a t i o ,  c r u i s e  
t u r b i n e - i n l e t  temperature ,  and o v e r a l l  compressor p r e s s u r e  r a t i o  
were var ied  p a r a m e t r i c a l l y  f o r  two- and th ree - spoo l  t u rbo fan  
engines .  Bypass r a t i o  was v a r i e d  from 4.5 t o  6.5; tu rb ine -  
i n l e t  temperature was v a r i e d  from 1650 t o  1850' F; and  o v e r a l l  
compressor p r e s s u r e  r a t i o  was v a r i e d  from 14.7 t o  24.0. The 
e f f e c t  of t h e  engine parameters on thermodynamic performance 
i n  conjunct ion  w i t h  e f f e c t s  on b a r e  engine weight ,  a i r f l o w ,  
i n s t a l l e d  n a c e l l e  wag, and a i r p l a n e  weight empty were inc luded  
i n  de te rmining  a i rc raf t  range. 

The a i r c r a f t  used  f o r  t h e  s t u d y  was a Douglas DC-8-61. The 
a i rc raf t  has  f o u r  engines  and i s  p r e s e n t l y  be ing  used commer- 
c i a l l y  as a c a r r i e r  f o r  e i t he r  passengers  o r  cargo.  The v e h i c l e  
was s e l e c t e d  ( ref .  3) as r e p r e s e n t a t i v e  of  commercial t r a n s p o r t s  
t h a t  would be i n  u s e  du r ing  the nex t  decade. 

ANALYSIS 

Airframe 

The DC-8-61 aerodynamic and weight data were obta ined  from 
r e f e r e n c e s  3 and 4. The data were modified t o  account  f o r  t h e  
removal of t h e  engine,  n a c e l l e s ,  and pylons.  A s  t he  d i f f e r e n t  
engine des igns  were cons idered ,  the  cor responding  weight and 
aerodynamic c o r r e c t i o n s  were added. On each  f l i g h t ,  t akeof f  
g r o s s  weight remained c o n s t a n t  a t  325 000 pounds. Payload and 
f u e l  r e s e r v e s  were a l s o  held cons t an t .  The on ly  weights  that  
v a r i e d  were t h e  weight of the i n s t a l l e d  eng ines  i n c l u d i n g  pylons,  
pods, and t h e  weight of t h e  u s e f u l  f u e l .  T o t a l  range  was calcu-  
lated us ing  approximate r e l a t i o n s  f o r  a s c e n t  and descen t  and a 
Breguet c r u i s e  s t a r t i n g  a t  0.8 Mach number and 35 000 feet  
a l t i t u d e .  

Engines 

Both two- and three-spool  t u rbo fan  eng ines  were inc luded  
i n  t h e  s tudy.  Each engine had a s i n g l e - s t a g e  f a n  having a 
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des ign  p r e s s u r e  r a t i o  of 1.55. 
mum 1000 feet /second t i p  speed a t  t a k e o f f  cond i t ions .  
des ign  va lues  of bypass r a t i o  were 4.5, 5.5, and 6.5; o v e r a l l  
compressor p r e s s u r e  r a t i o s  were 14.7, 19.3, and 24; and t h e  
t u r b i n e - i n l e t  t empera tures  were 1650, 1750, o r  18500 F. A l l  
parameters are de f ined  a t  t h e  s t a r t - o f - c r u i s e  p o i n t  of 0.8 Mach 
number a t  35 000 feet  a l t i t u d e .  

The f a n  i s  designed f o r  a maxi- 
The 

Engine s i z e  was determined by r e q u i r i n g  t h e  i n s t a l l e d  engine 
t h r u s t  a t  t h e  beginning of c r u i s e  (4103 pounds) t o  be 3 pe rcen t  
greater than  t h e  a i r p l a n e  drag. 
meter)  was determined by assuming 30.8 pounds per second a i r f l o w  
( c o r r e c t e d  t o  sea l e v e l  s t a t i c  c o n d i t i o n s )  p e r  square  f o o t  of 
engine  f r o n t a l  area. F a c t o r s  such as t a k e o f f  d i s t a n c e  and 
n o i s e  were not  cons idered .  However, t h e  range of engine para- 
meters tha t  are s t u d i e d  is  such t h a t  these v a l u e s  would be  
reasonable .  

Engine diameter ( f a n  t i p  dia- 

U n i n s t a l l e d  engine weight varied w i t h  number of spoo l s  
(compressors--two o r  t h r e e )  bypass r a t i o ,  o v e r a l l  compressor 
p r e s s u r e  r a t i o ,  t u r b i n e - i n l e t  temperature ,  and engine a i r f l o w .  
Empir ica l  weight r e l a t i o n s  were based on t h e  data of r e f e r e n c e  
2 and r e f i n e d  follow-on engines  of t h e  q u i e t  engine s tudy  pro- 
gram. These estimates inc luded  allowance f o r  weight and volume 
r e q u i r e d  t o  t reat  f a n  n o i s e  i n  o r d e r  t o  reduce i t  t o  a c c e p t a b l e  
l e v e l s .  F igu re  l ( a )  shows t h e  e f f e c t  of bypass r a t i o  on engine 
weight.  The weight  is  based on an engine t ha t  i s  s i z e d  t o  
produce 4900-pound u n i n s t a l l e d  c r u i s e  t h r u s t ,  w i t h  a des ign  f a n  
p r e s s u r e  r a t i o  of 1.55, an o v e r a l l  compressor pressure r a t i o  
of 24.5, and a t u r b i n e - i n l e t  t empera ture  of 1750° F. F igu re  
l ( b )  shows t h e  e f f e c t  of o v e r a l l  compressor p r e s s u r e  r a t i o  on 
engine  weight.  

The weight i s  based on t h e  same des ign  parameters as f i g u r e  
l ( a )  except  bypass r a t i o  is f i x e d  a t  5.5. 
was scaled t o  o t h e r  engine  s i z e s  by assuming weight was propor- 
t i o n a l  t o  t h e  r a t i o  of a i r f l o w s  ( r e q u i r e d  a i r f low/ re fe rence  
a i r f l o w )  over  t h e  l imi ted  range of s i z e s  r e q u i r e d  i n  t h e  a n a l y s i s .  
The r e f e r e n c e  engine  a i r f l o w  was 381 pounds p e r  second a t  
c r u i s e  cond i t ions .  

The engine  weight 

U n i n s t a l l e d  performance i n c l u d e s  an  ideal nozz le  and i n l e t ,  
U n i n s t a l l e d  performance was converted t o  i n s t a l l e d  performance 
t o  i n c l u d e  t h r u s t  deg rada t ions  r e s u l t i n g  from i n l e t ,  n a c e l l e ,  
and b o a t t a i l  drags as w e l l  as nozz le  c o e f f i c i e n t s .  The duc t  
nozz le  c o e f f i c i e n t  inc luded  l o s s e s  due t o  sound suppress ion  
material and o r d i n a r y  l o s s e s .  The i n s t a l l a t i o n  e f f e c t s  were 
based on estimates from the Douglas A i r c r a f t  Div is ion .  The 
o t h e r  i n s t a l l a t i o n  e f fec ts  inc luded  i n  t h e  a n a l y s i s  were i n l e t  
p r e s s u r e  recovery  l o s s  and customer engine compressor a i r  bleed.  
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Nacelle and pylon drag estimates were based on reference 4 
and unpublished Douglas Aircraft Division information. The 
drag calculations assume a short-duct nacelle, similar to the 
one shown in figure 2, and accounted for skin friction, rough- 
ness, pressure and base drag on the nacelle and pylon. 

nacelle, and nozzles less engines) was calculated from the 
following equation for each engine. 

Installed pylon and pod weight (pod weight includes inlet, 

Pylon and pod weight = 9512.0 + 0.745 (uninstalled 
engine weight - 5125.0) 

The constant 9512 represents a reference number for the weight 
of a quiet engine inlet, nacelle, and nozzle. Extra weight 
has been allocated for the inlet and duct nozzle, both of 
which are capable of some noise suppression. Also included in 
this constant is an effect of wing reskinning which is required 
for flutter considerations. The remaining part of the equation 
is the change in installation weight that occurs when the basic 
engine weight differs from the reference weight of 5125 pounds. 

RESULTS 

Maximum ranges attainable with full passenger load were 
calculated for the various engines. The results are presented 
in figures 3 and 4 for two- and three-spool engines, respec- 
tively. Contours of constant range are plotted as functions 
of bypass ratio and overall compressor pressure ratio (fan and 
inner compressor). 
diameter. The dashed lines indicate regions where extrapola- 
tion of the data was required to generate the contours. 
Pertinent data f o r  the specific engines that were analyzed are 
given in tables I and I1 f o r  two-spool and three-spool engines, 
respectively. Shown are the parameters of uninstalled and 
installed specific fuel consumption, bare engine weight, fan 
tip diameter, and cruise engine airflow per engine. 

Also shown are lines of constant engine 

A summary of the optimized maximum range cases for each 

Two- spool 

turbine-inlet temperature (TIT) is given below: 
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At each value of%TIT, the D C - 8 - 6 1  using two-spool engines 
yielded slightly longer range than the one using three-spool 
engines. This is a consequence of a weight advantage for 
the two-spool engines, in the order of 200-400 pounds per 
engine. Higher TIT accompanied by increases in optimum 
compressor pressure ratio and bypass ratio yielded modest 
gains in range. 
by about 3 percent. 

A 200° F increase in the TIT benefited range 

All of these optimum engines have diameters less than 75 
inches and so should not present undue installation problems, 
Inspection of figures 3 and 4 shows that large departures 
from the optimum design parameters can be accepted without 

penalties In range, For example, at TIT of 
b)), a reduction of the compressor pressure 

ratio to 14 from 18, and raising the bypass ratio from 4,4 to 
6 results in a loss in range of only 1.3 percent. However, 
the engine diameter would increase to 80 Inches. 

CONCLUSIONS 

The range of a D C - 8 - 6 1  type of subsonic transport is not 
greatly penalized by perturbations in design bypass ratio or 
compressor pressure ratio away from optimum values, Increasing 
the cruise turbine-inlet temperature by 200° f o r  the optimum 
values of bypass and compressor pressure ratio only increased 
the range by slightly over 3 percent. At a given value of 
cruise turbine-inlet temperature, a three-spool engine was 
slightly heavier than a two-spool engine, which results in a 1 
to 3 percent loss in range. Factors such as transient opera- 
tion and takeoff noise were not considered in this study. 

Tswis Resea Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 15, 1969, 
789- 50-0 1- O 1- 22 
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